promote aggregation and calcification of surrounding collagen. Mineralization continues by calcification of membranous cellular degradation products and other fibers until the plaque reaches the papillary epithelium. Through the activity of matrix metalloproteinases or perhaps by brute physical force produced by the large sub-epithelial crystalline mass, the surface is breached and further stone growth occurs by organic matrix-associated nucleation of CaOx or by the transformation of the outer layer of CaP crystals into CaOx crystals. Should this theory hold true, developing an understanding of the cellular mechanisms involved in progression of a small, basic interstitial plaque to that of an expanding, penetrating plaque could assist in the development of new therapies for stone prevention.
Introduction
Nephrolithiasis is a chronic disease increasing in prevalence in both the United States and abroad. A recent analysis of US adults in the National Health and Nutrition Examination Surveys (NHANES) showed kidney stone prevalence increased from 5.2 % between 1988 and 1994 [1] Table 14 -47, US Government Printing Office, Washington, DC; 2012). Furthermore, new epidemiological studies provide evidence that link stone formation to the development of hypertension, chronic kidney disease, and even end-stage Abstract Kidney stones develop attached to sub-epithelial plaques of calcium phosphate (CaP) crystals (termed Randall's plaque) and/or form as a result of occlusion of the openings of the Ducts of Bellini by stone-forming crystals (Randall's plugs). These plaques and plugs eventually extrude into the urinary space, acting as a nidus for crystal overgrowth and stone formation. To better understand these regulatory mechanisms and the pathophysiology of idiopathic calcium stone disease, this review provides indepth descriptions of the morphology and potential origins of these plaques and plugs, summarizes existing animal models of renal papillary interstitial deposits, and describes factors that are believed to regulate plaque formation and calcium overgrowth. Based on evidence provided within this review and from the vascular calcification literature, we propose a "unified" theory of plaque formation-one similar to pathological biomineralization observed elsewhere in the body. Abnormal urinary conditions (hypercalciuria, hyperoxaluria, and hypocitraturia), renal stress or trauma, and perhaps even the normal aging process lead to transformation of renal epithelial cells into an osteoblastic phenotype. With this de-differentiation comes an increased production of bone-specific proteins (i.e., osteopontin), a reduction in crystallization inhibitors (such as fetuin and matrix Gla protein), and creation of matrix vesicles, which support nucleation of CaP crystals. These small deposits 1 3 renal disease [2] [3] [4] [5] . Increasingly common medical conditions, such as obesity, diabetes, and metabolic syndrome, are also considered risk factors for stone formation in adult population [3, 6] . Finally, stone disease may recur in 50 % of individuals within the first 5 years of their first stone episode, with ensuing episodes having even higher recurrence rates [7] . Obviously, understanding and preventing stone formation is paramount to reducing recurrence and cost.
Stone formation has long been considered a passive physicochemical process resulting from increased urinary salt supersaturation and decreased crystal inhibition. Despite our understanding of these crystallization steps, medical management is considered moderately effective at best, reducing stone recurrence 30-50 % over short periods of time [8, 9] . Therefore, to better understand the regulatory processes and pathophysiology of idiopathic calcium stone disease, this review provides in-depth descriptions of the morphology and potential origins of Randall's plaques and plugs, summarizes existing animal models of renal papillary interstitial deposits, and describes the known factors that are believed to regulate plaque formation and calcium overgrowth. Finally, based on evidence in the vascular calcification literature, we propose a unified theory of Randall's plaque formation that involves epithelial cell transformation into osteoblast-like cells, formation of CaP crystals within the renal tubular epithelial basement membrane, and extension and eventual breach of these calcifications through aggregation and inflammation. Should this theory hold true, developing an understanding of the cellular mechanisms involved in progression of a small, basic interstitial plaque to that of an expanding, penetrating plaque could assist in the development of new therapies for stone prevention.
Randall's theory of stone formation
In 1937, Dr. Randall proposed that kidney stones develop on two types of pre-calculus lesions situated in the renal papillae [10, 11] . Interstitial sub-epithelial deposits of calcium phosphate (CaP) and calcium carbonate, arising from pathologic conditions of renal papilla, erode through to the papillary surface forming type I pre-calculus lesions [12] which are currently referred to as the "Randall's plaques (RP)." He further suggested that in the case of excessive urinary supersaturation and necrosis of tubular epithelial cells, stone-forming salts crystallize and deposit in the collecting ducts forming type II lesion [11] , which may now be referred to as "Randall's plugs." In both cases, the lesions act as nidi for further crystal deposition, resulting in the formation of calculi in the renal pelvis or papillary ducts, respectively.
Randall's plaques
Since Randall proposed his theory of lesions in papillary interstitium initiating the stone formation, a number of morphological studies of renal papillae obtained from kidneys of stone formers as well as non-stone formers, have been performed. Haggit and Pitcock [13] examined kidneys from 100 randomly selected autopsies and performed light and transmission electron microscopy (TEM) on selected specimens. They found alizarin red positive-laminated spherules in the interstitium which on closer examination by TEM were found associated with collagen fibers in the interstitium as well as basement membrane of the collecting ducts. Cooke and associates [14, 15] studied 62 normal kidneys and found calcification in 4, which was invariably located in the basement membrane of the loops of Henle from where it extended into the medullary interstitium. Some collecting ducts and blood vessels were also involved.
High-resolution radiography of cadaveric kidneys was performed by Stoller et al. [16] . They reported that 57 % of the kidneys had sub-epithelial Randall's plaques which extended deep within the papillae and were intimately associated with collecting ducts and vasa recta. With von Kossa staining, spherical CaP deposits were identified scattered in the interstitium as well as around the collecting ducts and blood vessels. Evan and associates examined renal papillae from stone patients with a variety of causes [17] . They concluded that all idiopathic calcium stones develop attached to the sub-epithelial Randall's plaques [18] and confirmed the earlier observations of Cooke about the involvement of basement membrane of the loops of Henle in the development of Randall's plaques. Also in their reports, they describe absence of cell injury, inflammation, interstitial fibrosis, and intratubular crystal deposition across all renal biopsies from idiopathic stone formers. Evan et al. further hypothesized that interstitial crystal deposits of idiopathic stone formers migrate from the basement membrane of the loops of Henle into the surrounding interstitium and become associated with type 1 collagen, fusing into a syncytium in which islands of mineral appear to float in an organic sea [17, 19] . Osteopontin (OPN) [20, 21] , heavy chain of inter-α-inhibitor [22, 23] , collagen [13, 15, 24] , and zinc [25] , have been identified in the organic matrix of interstitial plaques. Interestingly, all RPs do not develop into stones, as many non-stone formers' kidneys are also plagued by plaque [13] .
Our electron microscopic examination of the renal papillary tissue at the stone attachment site showed interstitial CaP deposits associated with membrane-bound vesicles, collagen and some unidentified fibrillar material [26] . Some of the vesicles contained needle-shaped electron-dense objects, most probably nucleating CaP crystals (Fig. 1a ).
There were two distinct types of calcifications. Concentrically laminated 0.5-2 µm in diameter spherical deposits were seen in the basement membrane of the renal tubules as well as the interstitium (Fig. 1b) . On the other hand, dark and dense deposits of elongated strands mixed with aggregating spherulitic crystals were generally located in the interstitium and under the papillary epithelium (Fig. 1c,  d ). The outer surfaces of these deposits revealed individual calcified strands with banded pattern similar to the nearby collagen fibers (Fig. 1d) . Electron diffraction revealed the crystals to be hydroxyapatite (HA), with the center of the deposit being more crystalline than the periphery.
Randall's plugs
Cystine, brushite, CaP stones in primary hyperparathyroidism, and CaOx stones of primary hyperoxaluria and post-bariatric surgery have all been found attached to Randall's plugs [17, 27, 28] . The plugs form, in part, as a result of higher supersaturation with respect to the precipitating salt [10, 12, 13] and are generally associated with renal tubular injury and focal inflammation as indicated by Randall [10] . A recent study [27] has provided newer evidence that even some idiopathic CaOx stones may develop on Randall's plugs formed as a result of intratubular deposits of CaP.
Randall's plugs, consisting of CaOx crystals, were seen in the terminal collecting ducts of a patient with primary hyperoxaluria and bilateral renal calculi [28] . Following removal of several stones from the renal pelvis and calices, calculi-bearing papillae were resected, processed and examined by light, scanning (SEM), and transmission electron microscopic (TEM) techniques. Stone composition was determined by X-ray diffraction and energy dispersive X-ray microanalysis. All stones consisted of CaOx mixed with small amount of apatite. Seven stones were extracted from the collecting ducts. A large stone was found completely lodged inside the papilla, in a duct of Bellini growing finger like extensions into the collecting ducts. The stone appeared as a bulge at the papillary tip (Fig. 2a) . Openings of the ducts of Bellini were deformed (Fig. 2b) . Papillary surface epithelium was mostly sloughed off revealing the basement membrane and underlying stone (Fig. 2c, d) . Removal of the stone from the duct left an exposed basement membrane. Stone itself was covered with epithelial degradation products. Examination of the fractured stones extracted from the collecting ducts showed concentric layers of plate-like crystals of CaOx monohydrate around a central nucleus (Fig. 3b) . One of the stone however showed concentric rings originating from a nucleus situated on the periphery (Fig. 3a) indicating that stone may have developed attached to the tubular surface.
Light microscopic examination of the kidneys with CaOx plugs revealed interstitial fibrosis, focal tubular epithelial hyperplasia, interstitial calcification and intratubular deposits of birefringent CaOx crystals. The matrix of CaOx crystals was PAS and alcian blue positive [28] . Transmission electron microscopy showed an enlarged interstitium, with myofibroblasts, abundant collagen, fibrillar material as well as electron-dense deposits of CaP. Membranous vesicles and laminated spherulites ( Fig. 4a ) with needle-shaped apatite crystals were present on the periphery of the large interstitial CaP deposits. There was thickening and layering of the basement membrane of the tubular epithelium (Fig. 4b) .
Current theories about the origin of Randall's plaques and plugs

Randall's plaque
There are two theories about the origin of Randall's plaques, both of which are based upon morphological examination of kidneys from a variety of stone formers. Evan and associates concluded that Randall's plaques There is a more than a tenfold increase in osmolality and decrease in oxygen-carrying capacity between renal cortex and papillary tip. Results of epidemiological studies also provided evidence for an association between stone formation and cardiovascular diseases, including hypertension, myocardial infarction, diabetes, chronic kidney disease, metabolic syndrome [3, 6, 31] . Many of the comorbidities not only lead to stone disease but are also triggered by it. Stone formation is a risk factor for development of hypertension and stone formers have higher prevalence of diabetes mellitus. Some hypertensive and diabetic patients are at a greater risk for the formation of kidney stones. All vascular diseases with renal connection trigger production of reactive oxygen species and development of oxidative stress [3, 32, 33 ].
Randall's plug
Randall's plugs are crystalline deposits in the ducts of Bellini that clog the ducts and their openings into the renal pelvis. Plugging is a tubular event and plugs are generally considered to be formed as a result of excessive urinary supersaturation with respect to the stone salts. Urinary pH appears to play a significant role [17] . Cystinurics develop cystine stones over cystine plugs [34] . Similarly patients with primary hyperoxaluria develop CaOx stones in addition to CaOx plugs [17, 28] . In cases where urine is supersaturated with respect to more than one salt, plugs as well as stones contain more than one type of mineral [17] .
Intuitively, plugging should also depend upon the inner diameter of the ducts as well as urinary flow through them. The inner diameter of the inner medullary collecting ducts ranges between 35-60 µm and of the ducts of Bellini 60-100 µm [35] . As a result, single crystals are too small to be able to occlude the tubules [36] and would require attachment to the tubular wall [37, 38] followed by growth and/or aggregation with other crystals [35] . It has been suggested that in the collecting ducts urine flows in discreet boluses propelled by the peristaltic waves [39] . Such a movement would result in significant turbulence increasing the possibility of crystal contact and aggregation [40] . Retention of the crystals for plugging may also be assisted by the fact that the opening of the ducts of Bellini into the renal pelvis is narrower than the luminal diameter of the ducts [38] .
Animal models
To our knowledge, there is no animal model in which CaOx stones are formed attached to Randall's plaques. However, sodium-hydrogen exchanger regulatory factor-1 (NHERF-1) and Tamm-Horsfall protein (THP)-null mice produce interstitial apatite plaques in the renal papillae, similar to that of human plaque [41] . NHERF null mice are hypercalciuric and hyperphosphaturic, producing small interstitial CaP deposits associated with both the loops of Henle and inner collecting ducts. Smaller crystals are also seen in the basement membrane of their loops of Henle. 88 % of the 15-month-old THP-null mice produce numerous large deposits in the renal papillary interstitium. The deposits consist of HA, surrounding both the thin loops of Henle as well as inner medullary collecting ducts but are not associated with their basement membrane. The mice are hypercalciuric and hypocitraturic and their urine is supersaturated with respect to brushite, a type of CaP [42] . Higher urinary excretion of calcium and/or phosphate does not appear to be the direct cause of interstitial deposition of CaP, in the NHERF-1 or THP-null mice. If this were the case, crystals would have formed primarily in the tubular lumens as has been seen in experimentally induced hypercalciuria and hyperoxaluria in rats [43] [44] [45] [46] .
The type IIa sodium-dependent phosphate co-transporter (Npt2a) null mice are also hypercalciuric and hyperphosphaturic. They produce both intratubular and interstitial deposits of CaP crystals [47] [48] [49] . However, these interstitial deposits are not similar to the interstitial plaques seen in stone patients as they appear to start within the renal tubular lumen and eventually become relocated into the interstitium (Fig. 5) [50] .
Experimentally induced hypercalciuria and hyperoxaluria lead to the deposition of CaP and/or CaOx in the tubular lumens including terminal collecting ducts and ducts of Bellini [43-45, 47, 51] . The deposits plugging the ducts are b Scanning electron microscopy shows large, concentrically laminated deposit of CaP crystals, completely occluding the tubular lumen and relocating into the interstitium (for details please refer to Khan and Glenton [47]) similar to the Randall's plugs. Some of the ductal deposits appear to have been formed freely in the lumens while the others attached to the tubular epithelium. At times, CaOx crystal deposits completely occluded the ducts of Bellini of the hyperoxaluric rats and their renal papillary tip appeared nodular. Microscopic analyses showed layers of CaOx crystals attached to the basement membrane totally devoid of a covering of tubular epithelium [52] . Transmission electron microscopy of the demineralized crystals showed crystal matrix interacting with the basement membrane helping in crystal attachment. We have identified osteopontin as the major component of the organic matrix of the CaOx crystals and stones [53] .
Kidneys of both the stone formers and normal individuals produce Randall's plaques, but only some of these plaques break through the surface epithelium and develop into the nidus for stone formation. Animal models of nephrolithiasis may provide some insight into this phenomenon. As discussed above, intratubular deposits of CaOx present in the sub-epithelial collecting ducts at the papillary tips break through the epithelium and expose their contents to the pelvic urine. The deposits appeared as nodules or bulges on the papillary surface (Fig. 6) . Close examination showed small nodules with intact but stretched epithelium separating at cell junctions while large nodules had their epithelium sloughed off exposing the basement membrane. Papillary epithelium around openings of ducts of Bellini with plugs of CaOx crystals also appeared mechanically disrupted with cells separating from each other. Sub-epithelial deposits of CaP, the Randall's plaque, may similarly become exposed to the pelvic urine which is generally metastable with respect to CaOx and would promote heterogeneous nucleation of CaOx over a compatible surface. Further deposition and overgrowth of CaOx crystals would eventually lead to the formation of a CaOx stone attached to the renal papillary tip [37, 38, 43] .
Calcium phosphate as a calcium oxalate nidus and transition
In addition to being a constituent of the Randall's plaque, hydroxyapatite is a common constituent of most idiopathic CaOx stones, is frequently found at the CaOx crystal nucleation sites deep within a stone [54] , and acts as suitable nucleator of CaOx in vitro [55, 56] . Similarly, Fig. 6 CaOx crystal deposits in the papillary collecting ducts of a male rat receiving hydroxyl-l-proline in the diet (for details please refer to Khan and Glenton [43] ). a Light microscopic examination of CaOx crystal deposit in papillary collecting duct. Deposit of birefringent crystals, present in the outer papillary collecting ducts, appear as bulges, protruding into the renal pelvis, and are covered with a thin epithelial layer (arrows). b Scanning electron microscopic view of the papillary surface with CaOx deposit under the papillary surface. The deposit is protruding into the renal pelvis. Papillary epithelium shows signs of stretching and cracks. The area pointed by the arrow is shown at higher magnification in c. c Papillary epithelium over the deposit surface appears stretched and shows signs of developing cracks (arrows)
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CaOx crystals have been found to support the nucleation of CaP crystals [56] . In vivo animal models as well as in vitro studies have provided the evidence that transition from one crystal type to another depends upon the urinary environment [47, [57] [58] [59] . Hydroxyapatite and struvite (St) crystals coated the surface of the foreign body implanted into the bladder of a rat on a normal diet. Induction of hyperoxaluria in these rats, which was associated with Fig. 7 Potential steps in the development of Randall's plaques as described in the text. RUNX2 runt-related transcription factor 2, cbf-a1 core-binding factor subunit alpha-1, MSX-2 Msh homebox 2, MGP matrix Gla protein, OPN osteopontin, BMP bone morphogenetic proteins, BSP bone sialoprotein 1 3 lower urinary pH, generated a layer of CaOx crystals growing over the CaP/St. Reversing the hyperoxaluria led to the deposition of a layer of CaP/St over CaOx [54, 59] . Both, the pH and supersaturation/activity product with respect to CaOx and CaP change as tubular fluid courses through the renal tubules [60] [61] [62] [63] . A driving force for CaP precipitation is present in the thin loops of Henle while that for CaOx exists in the collecting ducts and the pelvic urine. Precipitation of CaP within the interstitium would require medullary alkalinization involving K + depletion and activation of H + /K + ATPase [64] . Dissolution of HA of the plaque at lower urinary pH that exists in the calyceal and pelvic urine would create localized areas of higher calcium concentration and therefore CaOx supersaturation promoting CaOx growing over CaP [62] .
CaOx and CaP crystals found in both urine and kidney stones are coated with phospholipids, Tamm-Horsfall protein, albumin and a mix of organic matrix macromolecules such as osteopontin, inter-α-inhibitor, and urinary prothrombin fragment-1 [65] [66] [67] . These macromolecules are present on mineral externally as well as internally, existing within stones as concentric tree-ring like layers of crystalline deposits [54] and within Randall's plaque at the sites of stone attachment, making epitaxial nucleation of one crystal over another unlikely [20] . Despite their production by epithelial cells to aid in crystal clearance, these macromolecules may by themselves promote the nucleation of CaOx as has been shown in vitro [68] [69] [70] and may inhibit CaP dissolution. In vitro studies were performed to determine the possibility of HA replacement by CaOx monohydrate [71] . Large single HA crystals as well as bone pieces (mimic for Randall's plaque) were incubated in 0.25, 0.5 and 1.00 oxalate solution with pH between 4.5 and 7.5 with the hypothesis that dissolution of HA will release calcium which will bind with the available oxalate to form CaOx crystals. Precipitation of CaOx monohydrate on HA crystals required very acidic pH and or high oxalate. CaOx precipitation on bone was seen even at a physiological oxalate concentration of 0.25 mM oxalate and pH of 5.0. Higher oxalate concentration of 0.5 mM was required for precipitation at pH of 6.00. Demineralization of bone produced a gel like layer on the surface. This layer may have produced physical hindrance for diffusion of calcium resulting in its accumulation near the bone surface and increasing local supersaturation and precipitation of CaOx as has previously been suggested [62] .
Vascular calcification
Years ago, vascular calcification, or the deposition of apatite in the medial or intimal layers of the vessel walls, was considered as an irreversible degenerative process that occurred by a passive, unregulated, physicochemical mechanism. Over the last 10-15 years, a large body of literature has replaced this passive theory to a central theory that describes vascular calcification as an active, regulated process in which vascular smooth cells (VSMC) acquire osteogenic phenotype [72] [73] [74] . Exposure of VSMC to elevated levels of calcium and phosphate triggers osteogenic transformation of VSMC [75] [76] [77] [78] , which involves an increased expression of osteoblast-specific genes and a decrease in smooth muscle cell markers [79, 80] . Bone morphogenetic proteins, BMP 2 and BMP 4, and Wnt signaling pathways are activated through upregulation of transcription factor, Runt-related transcription factor 2 (RUNX2)/msh homeobox 2 (MSX-2). The cells then produce matrix proteins, and crystallization starts in membrane-bound matrix vesicles produced by the viable transformed vascular smooth muscle cells or apoptotic bodies produced on their death [78, 81, 82] . The vesicles are similar in composition to the matrix vesicles derived from chondrocytes and provide sites for the nucleation of CaP crystals [76] . Once mineralized, the crystals extrude through the limiting membrane of the vesicles, and help mineralize the nearby extracellular matrix which sustains calcification. In addition to abnormal mineral metabolism, oxidative stress, inflammation and aberrant crystallization inhibition play a significant role in vascular calcification. Reactive oxygen species are likely involved in the VSMC transformation to osteogenic phenotype by regulating RUNX-2 transcription factor [83, 84] . Advanced glycation end products commonly seen in blood and arteries of diabetic patients and older individuals can promote vascular calcification mediated by NADPH oxidase-induced reactive oxygen species [85] . Cytokines such as IL (interleukin)-1β, IL-6, IL-8, (TNF) tumor necrosis factor-α, TGF (transforming growth factor)-β produced by macrophages induce transformation of VSMC [86] . Inflammatory cells also produce proteolytic enzymes such as metalloproteinases (MMP)-2 and -9 which degrade matrix and promote calcification [87] [88] [89] [90] .
Calcification of VSMC is inhibited by matrix Gla protein (MGP), pyrophosphate, osteopontin (OPN) and fetuin-A [79] . MGP is a vitamin K-dependent protein functioning primarily as an inhibitor of vascular calcification [91] . MGP also regulates BMP-2 activity [92] . Mutations in the MGP gene lead to Keutel syndrome, a disorder associated with extensive soft tissue and vascular calcification [93] . MGP knockout mice die within 2 months as a result of arterial calcification and blood vessel rupture [94] , while restoration of MGP in these mice prevents arterial calcification [95] . Polymorphism of MGP may play a role in vascular calcification [96] , and has shown an association with myocardial infarction [97] . Fetuin-A, a member of cystatin family of protease inhibitors, is a serum protein, produced by the liver and specifically enriched in mineralized tissues [98] [99] [100] . Irrespective of its origin and posttranslational modifications, fetuin-A prevents precipitation of hydroxyapatite in vitro [101] . In vivo, serum fetuin-A levels are lower in patients with chronic kidney disease [102] , and ectopic calcification is seen in fetuin-A −/− mice [100] .
Regulation of Randall's plaque formation
Results of a number of clinical and experimental investigations suggest that reactive oxygen species (ROS) may be involved in the pathogenesis of idiopathic stone disease [32, 103, 104] , and are likely a link between stone formation and hypertension, diabetes, metabolic syndrome, and chronic kidney diseases [3] . Urine from CaOx stone patients showed significantly higher N-acetyl-β-glucosaminidase (NAG), β-galactosidase, α-glutathione S-transferase (α-GST), malondialdehyde (MDA) and thiobarbituric acid-reactive substances (TBARS) [103] , biomarkers of injury and production of ROS. Urinary 8-hydroxydeoxyguanosine (8-OHdG), a marker of oxidative damage of DNA, was also increased in stone patients and positively correlated with tubular damage as assessed by urinary excretion of NAG [105] . Antioxidant deficit was common in recurrent idiopathic stone formers and was unrelated to the presence or absence of stones [106] .
Exposure of the renal epithelial cells to oxalate and/ or CaOx/CaP crystals leads to the production of reactive oxygen species [107] [108] [109] [110] [111] [112] [113] [114] [115] , with the activation of NADPH oxidase [116] [117] [118] [119] [120] [121] , through the involvement of renin-angiotensin-aldosterone pathway [117, 122] . Renal epithelial cells under oxidative stress may become osteogenic [123] as happens to vascular smooth muscle cells during vascular calcification [77] . The production of OPN [124, 125] , MGP [126, 127] , collagen, fibronectin, osteonectin and fetuin [128] , by renal epithelial cells of rats with experimentally induced CaOx nephrolithiasis is indicative of such a transition. The presence of OPN, osteocalcin, fibronectin, and collagen [129] in stone matrices also suggests their increased production and excretion into the urine. Renal crystals in a CaOx stone patient were also associated with bone sialoprotein (BSP) [130] . Epithelial to mesenchymal transition [131] as well as endothelial to mesenchymal transition [132, 133] are regularly seen in the diseased kidneys. Mesenchymal stromal cells have the ability to differentiate into osteoblast. Interestingly, perivascular cells or pericytes showed heavy staining for MGP in kidneys of hyperoxaluric rats [126] . Stone patients excrete lower amounts of fetuin-A [134] , and more BMP-2 [135] . Single nucleotide polymorphism of MGP gene is associated with CaOx kidney stones disease in the Japanese [136] and Chinese populations [137] .
Further evidence for epithelial cells becoming osteogenic comes from animal models and in vitro tissue culture studies. Basal levels of bone-related factors, such as bone morphogenetic protein 2 (BMP2), RUNX2, Osterix, and OPN are higher in genetic hypercalciuric rats that produce intrarenal CaP deposits than the normal control rats [138] . Knockdown of vitamin D receptor in the genetic hypercalciuric rats reduced the bone-related factors as well as amount of CaP deposition in the rat kidneys. Vitamin D treatment of the primary culture of renal tubular epithelial cells from the kidneys of genetic hypercalciuric rats increased the gene and protein expression of the bonerelated factors as well as intracellular CaP deposits.
MDCK cells were grown for up to 60 days in monolayers, directly on the plastic dish or dish coated with collagen gel [139, 140] . After 21 days small blisters or domes started to appear in the monolayers. After 30 days, the domes became more visible. Microscopic examination showed the presence of crystalline material which appeared as fused spherulites with needle-shaped crystals. The crystals were identified as CaP using X-ray microanalyses and microinfrared spectroscopy. In another experiment, MDCK cells grown in agar produced spherical colonies in which layers of epithelial cells with their apical surface on the outside, enclosed the CaP crystal inside [140, 141] . CaP deposition in the MDCK colonies developed in agar was inhibited by alendronate [141] .
Both physiological calcification and ectopic calcification start through heterogeneous nucleation of crystals in the so-called matrix vesicles or similar entities, and propagate in a scaffolding of collagen fibers [82, 142, 143] . The formation of intratubular CaP deposits in the female mice on AIN-76, a semipurified diet, starts in the vesicles budding off the proximal tubular epithelial cells [51] . Intratubular CaP deposits in Npt2a null mice are also intimately associated with membrane-bound vesicles (MV) budding from the renal epithelium [50] . We have provided evidence that membrane fragments as well as membrane-bound vesicles may also be involved in the formation of kidney stones. Lipids and membranes are present in the matrices of CaOx kidney stones [144] . Phospholipids of membranous vesicles obtained from renal tubular brush border are excellent nucleators of crystals [145, 146] , even at physiological concentrations [63] . Membranous profiles were seen tightly bound to the ghosts of crystals. Matrices of CaOx crystals induced in vitro in human urine also contained membrane fragments and lipids [147] . Crystals in the Randall's plaques were seen associated with both the collagen fibers as well as MVs [26] . Collagen fibers appeared calcified and vesicles contained crystals. It was concluded that crystal deposition in renal papillae may have started with membrane vesicle induced nucleation, and grew by addition of crystals on the periphery within a collagen framework.
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A unified theory on pathogenesis of Randall's plaque and plug formation Based upon the currently described clinical and experimental data, we propose a "unified" theory for the formation of plaques and plugs (Fig. 7) . Renal epithelial cells of stone formers become stressed when challenged by increased urinary excretion of calcium/oxalate/phosphate and/or decrease in the production of functional crystallization inhibitors or perhaps with renal insults, trauma, or even normal aging. The abnormal urinary conditions of higher supersaturations and lower crystallization inhibitory potential produces oxidative stress leading to de-differentiation of renal epithelial cells into osteoblast-like cells and the formation of CaP crystals in the renal tubular epithelial basement membrane. Transformation involves increased expression of osteoblast-specific genes and decrease in epithelial cell markers. Signaling pathways become activated through upregulation of transcription factor, RUNX2/MSX-2. Bone-associated proteins such as bone morphogenetic proteins (BMPs), bone sialoprotein (BSP), alkaline phosphatase are expressed. Initial crystal formation begins inside the membrane-bound vesicles produced by the transformed epithelial cells. Small spherical units of CaP grow from less than a micron to a few microns in diameter and spread out beyond the basement membrane. They start to aggregate and form larger deposits or plaques which increase in size by further addition of crystals on the periphery. Additional expansion leads to fusion of the aggregated spherical units and loss of their individual identity in the interior of the deposits, while spherical units are still visible on the periphery of the growing plaque. During the outward growth the crystals come in contact with the collagen fibers and membranous degradation products which also calcify. Thus the extension of plaque into the interstitium and beyond is through outward growth by the addition of crystals at the periphery through aggregation and calcification of the collagen and membranous vesicles. Interstitial crystal deposition may produce localized inflammation and fibrosis, providing substrate for further calcification until the front reaches the papillary surface epithelium. Papillary surface epithelium is most likely breached through the activity of matrix metalloproteinases and physical force produced by the deposition of the large crystalline mass underneath. Once the surface epithelium loses its integrity the plaque is exposed to the pelvic urine which is generally metastable with respect to CaOx and also contains urinary proteins such as THP, not available in the renal interstitium. Urinary macromolecules deposit on the plaque surface. Surface layers of HA are replaced by CaOx through demineralization of CaP and mineralization of CaOx. Alternatively, or in addition to, the CaOx crystals directly nucleate on the organic matrix covering the plaque.
Stone growth is through aggregating deposition of CaOx crystals on the periphery.
As discussed above, Randall's plug formation appears to be dependent upon the supersaturation of the tubular fluid and pelvic urine. Once the plug starts to develop, urinary movement through the duct and into the pelvis will be disturbed, providing longer retention time behind the developing plug. This should promote crystal formation, aggregation and retention, and is perhaps responsible for the formation of free unattached stones in the collecting ducts, somewhat similar to the stones formed in the bladder.
Concluding remarks
Most of the information about the plaques and plugs has been obtained by examination of the stone-bearing kidneys, long after the completion of the process of stone formation. Thus, we have a better picture of what kidneys look like at the end of stone formation than how did the stone develop. Plaque, plug and stone formation occur over time and in many stages. Experimental animal model and tissue culture studies have provided significant information and insight into the pathogenesis. But in the absence of an animal model in which stones develop attached to a plaque or plug, where formation and growth of the stones could be examined over time and can be experimentally tested, it is difficult to establish the precise sequence of events. For example, one can only hypothesize the exact location of the initial site of crystal formation in the papillary interstitium. Just because hydroxyapatite is seen at a site such as basement membrane of the collecting ducts or loops of Henle or in the vicinity of vasa recta does not necessarily indicate that crystal deposition started there. Calcification could have started elsewhere in the papillary interstitium and grew from there expanding through and consuming the available substrate. Some of the interstitial calcification, particularly in cases with Randall's plugs, is very likely a result of the tubular occlusion rather than a contributory factor.
Randall's plaque formation and its transformation into a stone nidus occur in at least four distinct phases. First there is the initial crystal deposition in the papillary interstitium which is followed by the 2nd phase of growth and expansion. In the 3rd phase epithelium covering the plaque is breached followed by the 4th phase in which outer layer of hydroxyapatite is replaced by CaOx or CaOx nucleate on the crystal-associated organic matrix. Plaques and interstitial calcification are common in the renal papillae. But only a small number of plaques progress to the next step of becoming exposed to the pelvic urine and promote stone formation. This situation is somewhat similar to atherosclerosis where only some of the atherosclerotic lesions transform into dangerous vulnerable plaques [148] . Thus developing an understanding of the mechanisms involved in progression of the basic interstitial plaque to vulnerable and dangerous plaque open to the pelvic urine should be a goal of researchers so that new therapies can be developed to prevent stone recurrence. It has been postulated that soft tissue mineralization may be reversed through mineral dissolution and phagocytosis [100] , and the same may be true for the formation of plaque-associated kidney stones. 
